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Abstract.  We report correlated data on nightside chorus waves and en-

ergetic electrons during two small storm periods: 1 November 2012 (Dst ~-

45) and 14 January 2013 (Dst = -18). The Van Allen Probes simultane-

ously observed strong chorus waves at locations L. =
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HE ET AL.: CHORUS EXCITATION AND PROPAGATION

lower frequency band 0.1-0.5f,. and a peak spectral density ~10~* nT?/Hz.
In the same period, the fluxes and anisotropy of energetic (~ 10-300 keV)
electrons were greatly enhanced in the interval of large negative interplan-
etary magnetic field Bz. Using a bi-Maxwellian distribution to model the ob-
served electron distribution, we perform ray tracing simulations to show that
nightside chorus waves are indeed produced by the observed electron distri-
bution with a peak growth for a field-aligned propagation around between
0.3f. and 0.4f.., at latitude < 7°. Moreover, chorus waves launched with
initial normal angles either # < 90° or > 90° propagate along the field ei-
ther northward or southward, and then bounce back either away from Earth
for a lower frequency or towards Earth for higher frequencies. The current
results indicate that nightside chorus waves can be excited even during weak
geomagnetic activities in cases of continuous injection associated with neg-
ative Bz. Moreover, we examine a dayside event during a small storm C on
8 May 2014 (Dst ~-45) and find that the observed anisotropic energetic
electron distributions potentially contribute to the generation of dayside cho-

rus waves, but this requires more thorough studies in the future.
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X-4 HE ET AL.: CHORUS EXCITATION AND PROPAGATION

1. Introduction

Chorus-electron interaction controls local acceleration and loss of energetic electrons in
Earth’s radiation belts during different geomagnetic activities [Summers et al., 1998, 2002;
Horne et al., 2005a, b; Thorne, 2010; Thorne et al., 2013a; Ding et al., 2013; Su et al.,
2014; Xiao et al., 2009, 2010, 2014]. During the occurrence of enhanced seed electron
injection, chorus waves become more efficient in accelerating radiation belts electrons to
relativistic energies [Yan et al., 2013; Zhang et al., 2014]. Previous works have demon-
strated that chorus waves are excited by anisotropic electrons with energies of a few keV
~ 100 keV in the low density plasma trough region [Xiao et al., 1998, 2006; Li et al., 2009;
Summers et al., 2009; Jordanova et al., 2010] associated with substorm injection [Mered-
ith et al., 2001]. In-depth quantification of such chorus excitation requires simultaneous
high-resolution observations of chorus spectra and electron distributions, but this was not
available before the launch of the NASA Van Allen Probes on 30 August 2012 [Mauk et al.,
2012]. The Van Allen Probes have scientific instruments capable of collecting comprehen-
sive particles and fields data throughout their orbit, with excellent detection sensitivity,
energy resolution and temporal sampling capability. Relativistic (1 MeV ~ 20 MeV) or
energetic (~ 10-100 keV) electrons are detected by the Relativistic Electron-Proton Tele-
scope (REPT) instrument [Baker et al., 2012] or the Magnetic Electron Ion Spectrometer
(MagEIS) [Blake et al., 2013]. Hot (~1 eV to ~ 50 keV) particles are detected by the
Helium Oxygen Proton Electron (HOPE) instrument [Funsten et al., 2013] of the Ener-
getic Particle, Composition and Thermal Plasma suite [Spence et al., 2013]. Tons over

the energy range from ~ 20 keV to ~ 1 MeV are measured by the Radiation Belt Storm
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HE ET AL.: CHORUS EXCITATION AND PROPAGATION X-5

Probes lon Composition Experiment (RBSPICE) [Mitchell et al., 2013]. Electromagnetic
waves are measured by the Electric and Magnetic Field Instrument Suite and Integrated
Science (EMFISIS) Waves instrument [Kletzing et al., 2013; Wygant et al., 2013]. With
aid of such scientific instruments, new advances have been made by the radiation belt
community, including the discovery of a new radiation belt of relativistic electrons occur-
ring between L = 3 and 3.5 [Baker et al., 2013] associated with small hiss-driven pitch
angle diffusion rates [Thorne et al., 2013b], observation of extremely low-frequency (down
to 20 Hz) plasmaspheric hiss waves in the outer plasmasphere [Li et al., 2013], reconfirma-
tion of in-situ acceleration in the heart of the radiation belts [Reeves et al., 2013; Thorne
et al., 2013a], and the report of an impenetrable barrier to ultrarelativistic electrons at
L = 2.8 [Baker et al., 2014].

During two small storm periods: 1 November 2012 (Dst ~-45) and 14 January 2013
(Dst ~ -18), the MagEIS instrument observed substantial enhancements in differential
fluxes (j) of energetic electrons with energies from ~ 10-300 keV around the location
L = 6. Meanwhile, the Waves instrument detected enhanced nightside chorus waves with
frequencies from ~ 400 Hz up to ~ 5 kHz. These correlated data potentially suggest
that the intensified nightside chorus waves can be excited by the enhanced distribution of
anisotropic energetic electrons, but this needs in-depth data treatment and corresponding
numerical simulation. Furthermore, we inetnd to study an event occurring on the dayside
(> 10 MLT) during the small storm on 8 May 2014 (Dst ~-45) to investigate whether

the observed electron distribution can generate dayside chorus waves.
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X-6 HE ET AL.: CHORUS EXCITATION AND PROPAGATION

2. Correlated Van Allen Probe Data

We plot the time variation of the interplanetary magnetic field Bz (black) and geomag-
netic activity Dst (red) (Figures la and 1h) and substorm activity AE index (Figures 1b
and 1i) during storms A on 1 November 2012 and B on 13-14 January 2013. Storm A
started at around 01:00 UT when Dst displayed a ”dip” and then dropped rapidly down to
—30 nT around 09:00 UT. A large negative Bz existed during the period 08:00-20:00 UT,
allowing efficient coupling with the Earth’s magnetosphere and prolonged geomagnetic
activity. Meanwhile, AE remaind a higher level (> 500 nT) and reached 1700 nT around
15:10 UT during the period 08:00-22:00 UT. Fluxes of energetic electrons in three chan-
nels (53.8, 79.8 and 108.3 keV) over a broad region L = 3.5 — 6 were greatly enhanced
from 09:00 UT to 21:00 UT (Figure lc-e). This indicates that continuous injection of
electrons associated with negative Bz and higher AE occurred in the main phase when
Dst continued to decrease to —62 nT around 21:00 UT (Figure 1a). Strong chorus waves
primarily within the lower band 0.1 — 0.5f. (f. being the electron gyrofrequency) were
observed from 08:00 UT to 13:00 UT, between L = 3.4 and 5.7 and 3.2-8.6 MLT by Van
Allen Probe A (Figure 1f); L = 3.5 and 6.0 and 3.2-10.4 MLT by Probe B (Figure 1g).
Chorus waves were also enhanced from 15:00-22:00 UT, covering L = 3.5—5.8 and 3.2-8.6
MLT detected by Probe A (Figure 1f); L = 3.5 — 5.8 and 3.2-10.4 MLT measured by
Probe B (Figure 1g).

Storm B mainly consisted of a “two-step” main phase where Dst at first dropped from
10 nT rapidly down to —19 nT at 23:00 UT on January 13 and gradually increased back
to -8 nT at 05:00 UT on January 14, and then dropped again down to —30 nT at 12:00

UT (Figure 1h). Bz displayed rapid fluctuations and alternatively changed signs. AE
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HE ET AL.: CHORUS EXCITATION AND PROPAGATION X-7

remaind a lower level (~ 100 nT) during the period 03:00-08:30 UT. Similarly, enhanced
lower-band chorus waves were observed by Probe A (Figure 1m) and Probe B (Figure
1n) during three time periods 19:00-22:00 UT on January 13, 01:00-06:00 UT and 09:00-
15:00 UT on January 14, with a wide range of spatial region: L = 3.5 — 6.4 and 3.2-9.3
MLT. This corresponded to the occurrence of flux increases of energetic electrons in three
channels (53.8, 79.8 and 108.3 keV) associated with continuous electron injection (Figure
13-1).

In Figures 2-3, we show correlated data over a 40-minute period in storms A and B
(corresponding to the pair of vertical lines in Figure 1) including electron pitch angle
distributions collected by the MagEIS instrument, wave magnetic spectral intensity, wave
normal angle and wave ellipticity from the Waves instrument. Fluxes of energetic electrons
maximized at 90° and dropped substantially at small pitch angles, indicating that an
electron anisotropy and source of free energy are available for exciting chorus waves.
Consequently, strong chorus waves occurred in the aforementioned periods, with low wave
normal angles and a low (ellipticity ~ 1) degree of elliptical polarization, implying that
chorus waves propagate almost along the ambient magnetic field direction [Horne et al.,
2007]. Moreover, chorus waves had stronger intensity and broader frequency extent in the
period of 09:00-09:50 UT on November 1, 2012 (Figure 2) than in the period of 03:00-
03:40 UT on January 14, 2013 (Figure 3), due to a slightly higher anisotropy and number

density of energetic electrons in the former period.
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X-8 HE ET AL.: CHORUS EXCITATION AND PROPAGATION

3. Numerical Modeling

3.1. Modeling Method

Here, we focus on the storm-time periods as shown in Figures 2-3 when excited chorus
waves and enhancements in fluxes and anisotropy of energetic electrons were simultane-
ously observed by Van Allen Probes A and B. We utilize a previously developed ray-tracing
program [Xiao et al., 2007], which follows the methodology of the HOTRAY code [Horne,
1989], to obtain chorus position at each time step by integrating Hamilton’s equations
[Horne, 1989; Suchy., 1981].

Similar to previous works [Horne, 1989; Chen et al., 2010; Xiao et al., 2012], we define
a local Cartesian system, in which the z axis points along the ambient magnetic field line,
the x axis orthogonal to the z axis lies in the meridian plane and points away from Earth
at the equator, and the y axis completes the righthanded set. The wave normal angle 0
is the angle between the wave vector k and the z axis. The wave azimuthal angle 7 is the
angle between k, (the projection of k onto the xy plane) and the x axis. In particular,
n = 0°, 90°, 180° and 270° indicate k, pointing away from Earth, toward later MLT
(eastward), toward Earth, and toward earlier MLT (westward), respectively.

Here, we use a dipole magnetic field model and a recently constructed and concise

plasma density (N,) model [Chen et al., 2012]:

Ne = N; + N,s(1 — g(L)) + Nyg(L), (1)

here, N;, N,s, and Ny, respectively stand for densities of the ionosphere, the plasmas-
phere and the trough; g(L) represents the transition function in controlling the plasma-
pause shape (the transition from the plasmasphere to the plasma trough). Explicit ex-

pressions for those aforementioned terms are written by equations (2-4) in the previous
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HE ET AL.: CHORUS EXCITATION AND PROPAGATION X-9

work [Chen et al., 2012]. In the following, we use those equations to calculate the ambient
densities (V) in different regions of L-shells and MLT. Then those obtained values of N,
are used to evaluate the chorus wave growth.

Wave instability occurs during the gyroresonance between chorus and electrons. At
every step of the ray path, we calculate the local chorus wave growth rate v (the imag-
inary part of wave frequency). Then we obtain the path-integrated wave gain in dB by

integrating the local growth rate along the ray path:

Gain = 20log;, (exp(/ fydt)) (2)

The phase space density (PSD) f of energetic electrons is fitted with a sum of five-
species bi-Maxwellian distribution f = Y, f;, with f; as a function of parallel (v;) and

perpendicular (vy;) velocity being written by:

2 2
N Vs UJ.i)
iV, Vi) = 37500 5 92 ' 3
filvnsvie) = g g eXp( 6, 62, ’

Here, ny; is the number density of each species; 6,; and 6); denote the perpendicular
and parallel thermal velocities of each species associated with the thermal temperature

respectively by 20%, = m.T; and 26’ﬁi = m.T};, with m, being the electron mass.

3.2. Modeling for Storm A

Using the conversion j = p?f and comparing the data from the MagEIS instrument,
we show the fits of electron distributions at two specific times 09:24 UT (Figure 4a) and
09:40 UT (Figure 4c) on 1 November, 2012, with the corresponding fitting parameters
shown in Table 1. It is shown that electron anisotropy starts to occur above 10 keV
and becomes significant above 100 keV. The corresponding local growth rates scaled by

the angular gyrofrequency Q. (7/€Qe) for different initial wave normal angles () are
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plotted in Figure 4b for 09:24 UT and Figure 4d for 09:40 UT. Local growth of chorus
peaks between 0.35 and 0.37f.. and drops rapidly as 6, increases in both cases due to the
concurrence of Landau damping and higher harmonic cyclotron resonances, consistent
with observations. In particular, for 6, = 0°, /€. can approach 1.55 x 1072 at 09:24 UT
and 7.5 x 107% at 09:40 UT, respectively.

It should be mentioned that Probe B observed upper-band chorus emissions around
09:40 UT. Based on the linear treatment of wave growth, the chorus frequency range
tends to scale with the anisotropy of energetic electrons [Xiao et al., 1998; Summers
et al., 2009]. The observed upper-band chorus emissions appear to be associated with the
higher anisotropy of energetic electrons which were not observed by Probe B in the same
period. This is probably because wave growth is basically associated with pitch angle
scattering to smaller pitch angles and a reduction in anisotropy of electrons [Gendrin,
1981]. In general, wave growth occurs very rapidly, allowing the higher anisotropy of
energetic electrons more difficult to be observed.

Due to the brief duration of the UT interval and limited latitudinal coverage of the
Van Allen Probes, we assume that the anisotropy and flux of energetic electrons remain
unchanged during chorus propagation. Then, we demonstrate variations of the path
integrated gain and wave normal angle with time for different frequencies and initial
wave normal angles (6p) based on the data from Probes A (Figure 5) and B (Figure 6).
Correspondingly, wave path gain is highest for 8, = 0° in all the cases due to the highest
local growth rate, reaching a maximum value 75dB at 0.3f.. (Figure 5b). Furthermore,
path gain increases at first to the maximum around ¢ = 0.1 — 0.2 s for 6y decreasing

from 20° to 0° (corresponding to the latitude A < 7°) and then drops significantly with
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HE ET AL.: CHORUS EXCITATION AND PROPAGATION X-11

time (Figures ba-c and 6a-c). This is because the local growth rate is positive from
the beginning to ¢ = 0.1 — 0.2 s, leading to a continuously increasing path gain (see
(2)). This can explain the previous statistical results that chorus waves in the night-to-
morning section are most intense within the latitude A ~ 15° [Shprits et al., 2007; Li et al.,
2007, 2009]. After 0.2 s, as the wave normal angle increases rapidly with time (Figures
5d-f and 6d-f), both Landau damping and some higher harmonic cyclotron resonances
dominate over the wave growth. As a result, the chorus growth rate becomes negative
and the corresponding path gain decreases. The results above confirm again that field
aligned propagating chorus waves reach the maximum growth rate.

In Figure 7, we plot the ray paths of chorus launched at the locations L = 5.8 for
Probe A and L = 6.0 for Probe B, with different wave frequencies and initial wave normal
angles (fy < 90°). Clearly, chorus waves are found to propagate northward basically
along the field line (dotted) and reflect at high latitude. This provides a reasonable
explanation for the observation that excited chorus waves occurred in the northward
region (A > 0°) (Figure 2). Electromagnetic wave reflection in the magnetosphere takes
place where the component of wave group velocity along the ambient magnetic field is
reversed. As analyzed in detail by Helliwell [1969], the reflection for whistler-mode waves
generally occurs around the local lower hybrid resonance frequency frg = v/feeSei (fei
being the ion gyrofrequency), which is essentially due to the closing of the refractive index
surface at fry. Based on Snell’s law, the ray path tends to swing around and reverses its
direction near fry. Considering that fry is proportional to the local ambient magnetic
field, lower frequency (0.2f..) chorus waves propagate upward and reflect at higher L-

shells, downward away from Earth (Figures 7a and 7d). Higher frequency (between 0.3
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and 0.35f..) chorus waves travel upward and reflect at lower L-shells, downward towards

Earth (Figures 7b-c and 7e-f).

3.3. Modeling for Storm B

Here, we model the electron PSDs at the two indicated times 03:13 UT and 03:33 UT
on 14 January, 2013, with data from Probes A (Figure 8a) and B (Figure 8c), respectively.
The fitting parameters are shown in Table 2. Clearly, distinct electron anisotropy occurs
above 100 keV but the anisotropy is lower than that in storm A, due to the lower level of
geomagnetic activity in storm B (see Figure 1). Using the fitting parameters in Table 2,
we calculate the local growth rate for different initial wave normal angles (fy > 90°) and
show the results in the lower panels of Figure 8. Chorus has a maximum local growth
rate around 0.35f.. but the growth rate at each wave normal angle is smaller than that in
storm A because of the slightly lower anisotropy and number density of energetic electrons
measured by each Probe in storm B (see Tables 1 and 2). Specifically, in the antiparallel
direction §y = 180°, v/Qee ~ 4x107* at 03:13 UT and 4.5x 10~* at 03:33 UT, respectively.
As chorus propagation becomes more oblique, i.e., 8y deviating more away from 180°, the
local growth rate becomes smaller, which is analogous to the situation in storm A.

We plot the path integrated gain and wave normal angle as a function of propagation
time for different frequencies and initial wave normal angles (6y) in Figures 9 and 10
by using the data from Probes A and B, respectively. The wave path gain becomes
largest in the antiparallel (6, = 180°) propagation in all cases, with a peak value 28dB at
0.3fe (Figure 9b). The wave normal angle for each initial 6y decreases away from 180°
(towards more oblique) all the time. Furthermore, the path gain first increases due to

the accumulated positive growth rate along the ray path, reaches a peak around |\| ~ 6°
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and then drops rapidly due to the negative growth rate associated with the wave normal
angle increasing with time.

Figure 11 illustrates how chorus waves with different wave frequencies and initial normal
angles (fy > 90°) propagate in the magnetosphere. Starting at locations either at L = 6.3
for Probe A or L = 6.1 for Probe B, chorus waves travel southward (in contrast to the
northward propagation in storm A) basically along the field line and encounters reflection
at the high latitude where the field-aligned component of wave group velocity reverses its
direction. This can account for the observation that strong chorus waves are observed in
the southward region (A < 0°) (Figure 3). For the lower frequency 0.2f,. all those chorus
waves bounce back away from Earth (Figures 11a and 11d). For higher frequency between
0.3 and 0.35f., those chorus waves travel towards Earth (Figures 11b-c and 11le-f).

It should be mentioned that the bi-Maxwellian distribution doesn’t appear to fit very
well the observed electron distribution above ~ 60 keV in Figures 4 and 8, primarily due
to the big difficulty in allowing a good fit at each value of energy in cases of interest.
This should affect the result of linear growth rate calculation. We have made a rough
check (not shown for brevity) in choosing slightly different parameters to allow a better
fit above ~ 60 keV but a worse fit in other energies. We find that the worst case produces
the reduction in the peak growth rate by ~ 40% for 6y = 0° at 09:24 UT in storm A but
no big differences in all other cases.

Moreover, we have checked the EMFISIS upper hybrid resonance band [Kurth et al.,
2015] and found that the adopted density is comparable to the in-situ density in the
simulation period. We have also inferred the plasmapause location from the EMFISIS

upper hybrid resonance band and found that the plasmapause roughly lies in I = 4 —4.5.
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However, more works are still needed in the future due to some uncertainties in accurate

determination of the upper hybrid resonance frequency [Kurth et al., 2015].

3.4. Modeling for Storm C

Here, we shall analyze an event observed on the dayside (> 10 MLT) during the small
storm on 8 May 2014 (Dst ~-45) to see whether the observed electron distribution is
sufficient to generate dayside chorus waves. The time variations of IMF Bz (black), Dst
index (red) and AFE index are shown in Figure 12a-b, in which Dst dropped down to —45
around 08:00 UT and a large negative Bz lasted roughly from 00:00 to 07:40 UT. AE
roughly increased from 00:00 to 09:00 UT and rapidly up to 1314 nT around 09:40 UT.
The large negative Bz and higher AFE are favorable for maintaining electron injection
from the plasmasheet, leading to increase in anisotropy of energetic electrons. Then those
anisotropic energetic electrons drift westward around Earth, potentially causing chorus
growth on the dayside. The pair of vertical lines indicate the simulation periods: 09:50-
10:30 UT when an increase in pitch angle anisotropy of energetic electrons and enhanced
chorus wave magnetic spectral intensity are observed by Probe B (Figure 12¢-d). Lower
band (0.1 — 0.5f..) chorus waves with a peak spectral density ~107° n'T?/Hz stayed at
L =48-53and 10.9—11.5 MLT, with small wave normal angles and a small (ellipticity
~ 1) degree of elliptical polarization (Figure 12e-f).

We model the electron PSDs at the two indicated times 10:00 UT (Figure 13a) and 10:08
UT (Figure 13c), with the corresponding fitting parameters shown in Table 3. Electron
anisotropy becomes noticeable above 10 keV and significant above 100 keV. The corre-
sponding scaled local growth rates v/, for different initial wave normal angles 6, are

shown in Figure 13b for 10:00 UT and Figure 13d for 10:08 UT. Local growth maximizes
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between 0.28 and 0.32f,., decreasing rapidly with increasing 6, in both cases because of
the contribution of Landau damping and higher harmonic cyclotron resonances, consistent
with observations. Specifically, in the case of #y = 0°, /€. can approach 0.7 x 10~ at
10:00 UT and 1.8 x 10~* at 10:08 UT, respectively. This result suggests that the observed
electron distributions potentially contribute to the generation of dayside chorus waves in
this event. However, the simulated linear growth rate of the dayside chorus is smaller than
that of the nightside chorus and probably below the detectable intensity level, partially
because of the much lower number density of energetic electrons which provide a source
of free energy for chorus excitation. This appears to suggest that other mechanisms may

be needed to explain the relatively strong chorus observed on the dayside.

4. Summary

We have provided simultaneous observation of nightside chorus waves and energetic
electrons measured by Van Allen Probes during two small storm periods A and B: 1
November 2012 (Dst ~-45) and 14 January 2013 (Dst ~ -18). Strong chorus waves stayed
near L = 5.8 — 6.3 with a lower frequency band 0.1 — 0.5f.. and a peak spectral density
~10~* nT? /Hz. Meanwhile, enhancements in fluxes and anisotropies of energetic (~ 10-
300 keV) electrons are observed in the interval of large negative interplanetary magnetic
field Bz, leading to intensified chorus waves. In order to reveal the inherent correlation
between excited chorus and increases in electron fluxes and anisotropy, we adopt a bi-
Maxwellian distribution to model the observed electron distributions, and then perform
ray tracing simulations to show that chorus waves are indeed produced by the observed
electron distribution. In the case of parallel or antiparallel propagation, the local growth

rate v/Qe. and corresponding path gain can reach the maximum values of 1.55 x 1073 and
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75dB in the storm A; 4.5 x 10~% and 28dB in the storm B, respectively. In particular, we
have examined a dayside event during a small storm C on 8 May 2014 (Dst ~-45) when
lower band (0.1 —0.5f..) chorus waves occurred at L = 4.8 —5.3 and 10.9 —11.5 MLT. We
have shown that the observed anisotropic energetic electron distributions are possible for
generating dayside chorus waves. The main conclusions can be summarized as follows.

1. Local growth rates of nightside chorus waves peak between 0.35-0.37f.. and drop
rapidly when the initial wave normal angle 6, increases due to the concurrence of Landau
damping and higher harmonic cyclotron resonances. Moreover, the growth rate and the
corresponding path gain are higher in storm A than those in storm B due to higher fluxes
and anisotropies of energetic electrons associated with the larger Bz and higher AF in
storm A.

2. Nightside chorus path gain becomes largest for y = 0° (parallel) or 180° (antiparallel)
because of the highest local growth rate in cases of interest. The path gain increases at
first due to the accumulated positive growth rate along the ray path, reaches a maximum
within a few degrees near the equator and then drops rapidly due to the negative growth
rate as the wave normal angle increases with time. This can give a reasonable explanation
for the previous statistical results that the night-to-morning section chorus waves are most
intense within A ~ 15°.

3. Nightside chorus ray paths with initial normal angle either 6, < 90° or > 90° travel
along the field either northward or southward, providing a reasonable explanation for the
observation that strong chorus waves occur either in the latitude A > 0 (storm A) or
< 0 (storm B). Then they bounce back either away from Earth for a lower frequency or

towards Earth for higher frequencies. These results above indicate that chorus waves can
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be excited even during weak geomagnetic activities if continuous electron injection occurs
associated with the negative Bz or higher AF.

4. Local growth rates (7/Q) of dayside chorus waves maximizes between 0.28 and
0.32f.., decreasing rapidly with increasing 6y because of the contribution of Landau damp-
ing and higher harmonic cyclotron resonances, consistent with observations. Moreover, for
0y = 0°, 7/ can approach 1.8 x 10~%, suggesting that the observed anisotropic energetic
electron distributions potentially contribute to the generation of dayside chorus waves in
this event. However, the calculated chorus growth rate on the dayside is lower than that
on the nightside and probably below the detectable intensity level. This tends to suggest
that additional mechanisms are probably required to explain the relatively strong chorus

waves observed on the dayside.
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Table 1. Parameters for the electron distribution in storm A

09:24 UT, Probe A, L = 5.8 09:40 UT, Probe B, L = 6.0

Species np(cm™?) T (eV) Ty (eV) np(em™) Tj (eV) Ty (eV)

1 2.8 1.5 x 10' 1.5 x 10! 1.6 1.2 x 10' 1.2 x 10*
2 0.41 2.1 x10* 2.1 x 102 0.41 7.9 x 10" 1.1 x 102
3 0.7 1.8 x 10 1.8 x 10? 0.33 5.2 x 10* 9.8 x 102
4 0.3 3.5 x 103 5.5 x 103 0.53 3.9 x 10® 6.1 x 103
) 0.15 9.2 x 10% 1.7 x10*  0.052 1.2 x10* 2.1 x 10*

Table 2. Parameters for the electron distribution in storm B

03:13 UT, Probe A, L = 6.3 03:33 UT, Probe B, L = 6.1

Species np(cm™?) T (eV) Ty (eV) np(em™) Tj (eV) T, (eV)

1 2.6 1.4 x 10* 1.4 x 10* 2.1 1.4 x 10* 1.4 x 10*
2 0.31 1.9 x 10% 1.9 x 102 0.32 1.5 x 10% 2.1 x 102
3 0.58 2.5 x 103 3.2 x 103 0.38 1.7 x 10® 3.2 x 10°
4 0.51 3.5 x 103 4.3 x 103 0.21 3.5 x 10% 3.9 x 103
) 0.1 8.5x10% 1.4 x10* 0.048 1.2x10* 2.0 x 10?
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Table 3. Parameters for the electron distribution in storm C

10:00 UT, Probe B, L = 5.2

10:08 UT, Probe B, L = 5.1

Species np(ecm™)  Tj (eV) Ty (eV) np(em™) T (eV) T\ (eV)
1 065 1.1x10" 14x10" 0.76  1.2x 10" 1.3 x 10
2 018  7.5x10" 85x10" 021 7.2x 10" 87 x 10
3 0.065 1.6x 10> 2.1x10%> 0.063 1.4 x10* 2.1 x 102
4 0.076 4.8 x 10> 52x 10> 0.051 5.1 x10? 6.2 x 10?
5 0.038  1.55 x 10* 2.35 x 10*  0.035 1.8 x 10* 2.9 x 10*

Figure 1. Van Allen Probe data during 1 November 2012 (left) and 13-14 January 2013

(right). (a, h) The IMF Bz (black) and the Dst index (red). (b, i) The AFE index. (c-e,

j-1) Flux of energetic electrons measured by ECT-MagEIS instrument onboard Probes A

and B. (f-g, m-n) Wave magnetic field spectral density (in unit of log;,) measured by

EMFISIS instrument onboard Probes A and B. The white lines obtained by the EMFISIS

magnetic field data represent 0.1f. (solid), 0.5f. (dashed) and f. (dot-dashed). The

pair of vertical lines indicate the simulation periods: 09:10-09:50 UT on 1 November 2012

and 03:00-03:40 UT on 14 January 2013.
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Figure 2. Data collected by Probes A (left) and B (right) during 09:10-09:50 UT on
1 November 2012. (a, e) Pitch angle distributions of energetic (53.8-108.3 keV) electron
fluxes in unit of log,,. (b, f) wave magnetic field spectral density (in unit of log,,). The
white lines represent 0.1f.. (solid), 0.5f. (dashed) and f. (dot-dashed). (c, g) Wave

normal angle. (d, h) Wave ellipticity.

Figure 3. The same as Figure 2 except during 03:00-03:40 UT on 14 January 2013.

Figure 4. (upper) Modeled bi-Maxwellian distribution (solid) to the observed electron
PSD (discrete) for v; = 0 (blue) and v = 0 (red). (lower) The corresponding local growth
rate v scaled by the electron gyrofrequency €., as a function of wave frequency w at the

initial azimuthal angle n = 0° and different initial wave normal angles (6).

Figure 5. Variations of path-integrated gain (left) and the wave normal angle (right)
for different wave frequencies and initial wave normal angles (shown) with time ¢ based

on the data from Probe A.

Figure 6. The same as Figure 5 but for Probe B.
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Figure 7. Ray paths for different wave parameters (shown). The pentagrams indicate
the source locations at L = 5.8 and 6.0 for Probes A and B. Also shown are the plasma-
pause (dashed), and field lines (dotted) with the invariant latitudes (or L): 63° (4.85),

65° (5.6) and 67° (6.55). frg =~ 93 and 103 Hz at the equator L = 6 and 5.8.

Figure 8. (upper) Modeled bi-Maxwellian distribution (solid) to the observed electron
PSD (discrete) for v, = 0 (blue) and v = 0 (red). (lower) The corresponding scaled local

growth rate at the initial azimuthal angle 7 = 0° and different initial wave normal angles

(6o).

Figure 9. Variations of path-integrated gain (left) and the wave normal angle (right)
for different wave frequencies and initial wave normal angles (shown) with time ¢ based

on the data from Probe A.

Figure 10. The same as Figure 9 but for Probe B.

Figure 11. Ray paths for different wave parameters (shown), launched at locations
(pentagrams) L = 6.3 and 6.1 for Probes A and B. The dashed and dotted lines indicate

the plasmapause, and field lines with the invariant latitudes: 65° and 67°.
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Figure 12. Van Allen Probe data on 8 May 2014. (a) The IMF Bz (black) and the Dst
index (red). (b) The AE index. (c) Pitch angle distributions of energetic electron fluxes in
unit of log,. (d) Wave magnetic field spectral density (in unit of log;,). The white lines
represent 0.1f.. (solid), 0.5f.. (dashed) and f.. (dot-dashed). (e) Wave normal angle. (f)

Wave ellipticity. The pair of vertical lines indicate the simulation periods: 09:50-10:30

UT.

Figure 13. (upper) Modeled bi-Maxwellian distribution (solid) to the observed electron
PSD (discrete) for v; = 0 (blue) and v = 0 (red). (lower) The corresponding scaled local
growth rate v/, as a function of wave frequency w at the initial azimuthal angle n = 0°

and different initial wave normal angles (shown).
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